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Hemozoin (Hz) is released into the blood stream after rupture of infected red blood cells (iRBCs) at the end of each parasite
replication cycle. This free Hz is ingested by circulating and resident phagocytes. The presence of Hz in tissues after clearance of
infectionhasbeenpreviouslyreported.Still,littleisknownaboutthekineticsofHz invivo,duringandafterPlasmodiuminfection.
It is particularly important to understand Hz kinetics after malaria infections as it has been reported that Hz is associated with
impairment of immune functions, including possible consequences for coinfections. Indeed, if Hz remains biologically active for
prolonged periods of time inside immunocompetent cells, the potential consequences of such accumulation and presence to the
immunesystem shouldbe clariﬁed. Here, using several independent methods to assess the presence of Hz, we report the long-term
in vivo kinetics of Hz in diverse organs in a murine model of malaria infection.
1.Introduction
In malaria, at the end of each Plasmodium replication
cycle, infected red blood cells (iRBCs) rupture and release
merozoites, together with hemozoin (Hz), into the blood
stream. At that stage, up to 80–90% of all haem iron is
localized in the digestive food vacuole and more than 95%
of this haem has been converted to Hz [1]. On the basis
of these ﬁndings and other reports, it has been calculated
that,onaverage,0.2–2gramsofHzareproducedduringeach
erythrocytic cycle, assuming a 1–10% parasitaemia [2, 3].
Hz is ingested by circulating and resident phagocytes.
One study investigated the percentage of Hz-containing
granulocytes and monocytes in circulation as a predictor of
disease outcome [4], while another reported median half-
lives of 72hours for Hz-containing granulocytes and 216
hours for Hz-containing monocytes in circulation [5].
Although the prolonged presence of Hz in tissues of individ-
uals that had suﬀered from Plasmodium infections has been
reported since the 19th century [6, 7], little is known about
the long-term kinetics of Hz in vivo.
How and over what period is Hz ultimately eliminated?
To our knowledge, only one study in mice tried to address
this question using a ﬂuorometric method [8]. This report
showed that 70% of Hz disappeared from the liver over 270
days after parasite clearance, while the amount of Hz in the
spleen increased 8-fold.
The importance of understanding Hz kinetics lies in the
reported eﬀects of Hz in impairment of immunity [9–14],
including possible consequences for coinfections, such as
tuberculosis [15]. Moreover, if Hz remains biologically
active for prolonged periods of time in internal organs,
especially liver, spleen, and bone marrow, particularly within
immunocompetent cells in these organs, it is important to
understand the kinetics of Hz in order to fully address the
consequences of such accumulation.
It was recently shown using ﬂow cytometry that the
optical characteristics of Hz (birefringency) can be used to
reliably detect it, even at the single cell level [16]. The aim
of the present study was to investigate the long-term kinetics
of Hz in diverse organs of a murine model of malaria using
independentmethodsforHzdetection.WeshowthatHzcan
persistindiﬀerentorgansoftherodenthostforaslongas196
days after the end of Chloroquine treatment of blood-stage
malaria.2 Malaria Research and Treatment
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Figure 1: Histology of naive mice organs. Sections of bone marrow, liver, and spleen of uninfected mice were ﬁxed and stained with
Hematoxylin and Eosin (H&E) and observed using a Leica DM5000 microscope. In these sections no deposition of a dark brown pigment
could be observed. Depolarization microscopy also showed no birefrigent deposits.
2.MaterialandMethods
2.1.Reagents. AllreagentswereobtainedfromSigmaAldrich
(St Louis, MO, USA), unless stated otherwise. Fluores-
cein isothiocyanate (FITC) or phycoerythrin (PE) labelled
antibodies against surface antigens (F4/80-PE, GR-1-PE,
CD11b-FITC and Fc-block) were purchased from eBio-
science (San Diego, CA, USA). DNAse/RNAse free ultrapure
water, phosphate buﬀer saline (PBS), Fetal Bovine Serum
(FBS), HEPES and RPMI 1640 were purchased from Gibco
(GrandIsland,NY).PercollwasfromGEHealthcare(Upsala,
Sweden) and ultrapure water was obtained with a Milli-Q
puriﬁcation system (Millipore, Madrid, Spain).
2.2. Mice and Parasites. C57BL/6 female mice (7 weeks old)
were purchased from Charles River (Spain). Plasmodium
berghei NK65-infected red blood cells (iRBC) were obtained
by mouse passage of a frozen vial of infected blood 5
days before infection. Blood was collected by cardiac punc-
ture and the parasitaemia was determined by counting theMalaria Research and Treatment 3
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Figure 2: Hemozoin deposition in the bone marrow of malaria infected-cured mice. Representative images of hemozoin (Hz) deposition in
the bone marrow of P. berghei NK65 infected-cured mice at diﬀerent times after the end of Chloroquine treatment. Bone marrow sections
from infected-cured mice showed Hz deposition as dispersed small pigment agglomerations 90 and 196 days after treatment. Bone marrow
sections at 7 days after treatment not performed.
number of iRBC per 2000 RBC on Giemsa-stained blood
smears.
All experiments were performed according to the Insti-
tuto de Medicina Molecular Animal Care Committee’s ap-
proved protocols.
2.3.InfectionandChloroquineTreatment. Micewereinfected
intraperitoneally (i.p) with 1 × 106 P. berghei NK65 iRBC.
Infection was allowed to progress for 14 days during which
mice reached high parasitaemias (ranging from 9–49%,
average of 26%). Starting at day 14 after infection, mice were
treated daily for 8 days with 100μL intraperitoneal injections
of 7mg/mL Chloroquine (CQ). Absence of parasites on
Giemsa stained blood smears was conﬁrmed. Then 2 or 3
mice were sacriﬁced 7, 90, and 196 days after the end of CQ
treatment. Liver, spleen, and bone marrow were extracted
and aliquoted for subsequent Hz determinations.
2.4. Histology. Tissue from liver, spleen, or femur bone was
ﬁxedin4%vol/volparaformaldehyde,sectionedandstained,
with Hematoxylin and Eosin (H&E), before microscopic
images were taken. Images were taken using the 10× and
40× objective of a Leica DM5000 microscope. Sections
were also observed using crossed polarized ﬁlters to detect
depolarization caused by Hz, as described before [17]. Tissue
sections were examined by an experienced microscopist
(TH).
2.5. Hemozoin Analysis by ImageJ. Hz quantiﬁcation of his-
tological sections was performed by microscopic observation
at 400× (Leica DM5000) and acquiring 5 images using a
Leica DFC420 camera. Image J software, version 1.46c (US
National Institutes of Health), was used to convert each
imageto8bit,whichcon vertscolourimagestograyscale.The
amount of Hz was quantiﬁed by setting the image threshold
so that all the dark Hz pixels were coloured red. These areas
werethenmeasuredbyImageJandexpressedasapercentage
of the total area (total number of pixels).
2.6. Hemozoin Analysis by Flow Cytometry. Liver portions
were treated with DNase and then mashed through a
100μmcellstrainer.Theresultingcellsuspensionwasdiluted
in RPMI medium with 2% serum to a ﬁnal volume of
30mL, washed and the pellet put on a 35% Percoll gradient4 Malaria Research and Treatment
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Figure 3: Hemozoin deposition in the liver of malaria infected-cured mice. Representative images of hemozoin (Hz) deposition in the liver
of P. berghei NK65 infected-cured mice at diﬀerent times after the end of Chloroquine treatment. Liver sections revealed Hz deposition in
large agglomerates in the sinusoidal areas. Hz could still be detected 196 days after the end of treatment.
(in RPMI). The obtained cells were washed again and then
labelled for analysis.
The spleen was mashed through a 100μm cell strainer
and resuspended in PBS. The bone marrow was ﬂushed from
a femur bone into PBS using an insulin hypodermic needle
and resuspended several times with the help of the needle to
generate a single cell suspension. Whole blood was obtained
by cardiac puncture in the presence of heparin, and washed
with PBS.
Single cell suspensions from liver, spleen, and bone mar-
row were labelled with anti-CD11b-FITC and anti-Gr1-PE
(for blood samples) or anti-CD11b-FITC and anti-F4/80-
PE (for tissue samples). Erythrocytes were then lysed with
125μLofBDFACSlysingsolution(BDBiosciences,SanJose)
prior to analysis. The cells were washed again, resuspended
in PBS containing 2% serum and analysed by ﬂow cytometry
using a Cyﬂow blue laser ﬂow-cytometer (Partec, Germany),Malaria Research and Treatment 5
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Figure 4: Hemozoin deposition in the spleen of malaria infected-cured mice. Representative images of hemozoin (Hz) deposition in the
spleen of P. berghei NK65 infected-cured mice at diﬀerent times after the end of Chloroquine treatment. Sections of spleen of infected-cured
mice showed a majority of the Hz deposition in the red pulp (as indicated by the black arrows). The Hz aggregates seemed to become larger
over time (bottom row).
which had been modiﬁed to detect depolarized Side-Scatter
as measurement of Hz, as described elsewhere [16].
2.7. Haem Measurement by Colorimetry. A portion of liver,
spleen, or bone marrow were mashed and resuspended in
PBS. After ﬁltering through a 40μm cell strainer, lysis buﬀer
(50mM tris-HCL in triton) was added to this extract. After
lysis, 2μL were used to measure protein content by the
Bradford method following the manufacturer’s instructions
(Bio-Rad, France); 50μL were converted to haem by disso-
lution in NaOH and used to determine the amount of Hz,
using the QuantiChrom assay kit following manufacturers’
instructions (BioAssay Systems, Hayward, CA, USA).
3. Results
All mice included in this study developed infection which
reached parasitaemias ranging from 9 to 49% (mean: 26%)6 Malaria Research and Treatment
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Figure 5: Hemozoin quantiﬁcation in histological sections of
malaria infected-cured mice. Five microscopic ﬁelds (400×)w e r e
chosen for each organ section from P. berghei NK65 infected-
c u r e dm i c e .T h ei m a g e sw e r et h e nc o n v e r t e dt oag r a y s c a l e( 8b i t )
image using ImageJ. The amount of hemozoin (Hz) observed was
expressed as a percentage of the total area of the image (in pixels).
Over time the amount of Hz in the bone marrow (cross) appeared
to be stable, whereas it decreased in liver tissue (red diamond) and
it increased in the spleen (blue circle).
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Figure 6: Hemozoin quantiﬁcation by colorimetric assay in the
organs of malaria infected-cured mice. Hemozoin (Hz) deposition
in livers and spleens of P. berghei NK65 infected-cured mice was
also determined by a colorimetric assay (QuantiChrom Heme
Assay Kit) and expressed in haem equivalents (normalized to
protein content). Overall Hz content seemed to increase overtime,
although only slightly so for the liver. Liver and spleen of na¨ ıve
mice had negligible amounts of detected haem of 468 and 890μM
haem/protein (mg/mL), respectively, which is likely to be associated
with the presence of erythrocytes in the tissues.
after 14 days. All infections were successfully cured with
Chloroquine (CQ) treatment (8 consecutive daily treat-
ments), as conﬁrmed by negative blood smears. Mice were
sacriﬁced at days 7, 90, and 196 after the end of CQ
treatment, and hemozoin (Hz) content as well as Hz-
containing cells were quantiﬁed in liver, spleen, and bone
marrow.
3.1. Histology and Measurement of Hz as Haem-Equivalents.
Uninfected mice, which served as negative control, showed
a normal histology of bone marrow, liver, and spleen with
no detectable pigment depositions (Figure 1). In infected
mice, typical dark brown pigment (Hz) could be observed at
all time points studied (Figures 2, 3,a n d4). Depolarization
microscopy conﬁrmed the birefrigent nature of the Hz
deposits (Figures 2, 3,a n d4; right columns).
Hz inside the bone marrow was dispersed as small
pigment agglomerations (Figure 2) and the quantitative
measurement of area occupied by Hz changed little over
time (Figure 5). In the liver, Hz was present in larger
agglomerations (Figure 3). Liver Hz-content, as measured by
the area occupied by the pigment, appeared to decrease over
time (Figure 5). However, using the colorimetric detection
of Hz, the amount of Hz in the liver appeared to be slightly
increased (Figure 6).
Hz in the spleen was primarily localized in the red
pulp (Figure 4), although some Hz was detectable in the
white pulp at earlier time points (Figure 4,l e f tc o l u m n s ) .
Over time, Hz depositions seemed to form larger aggregates
(Figure 4). Overall, the amount of Hz in the spleen increased
as measured either by area of tissue or using the colorimetric
assay (Figures 5 and 6).
3.2. Detection of Hemozoin by Flow Cytometry. Hz could be
detected in CD11b+ phagocytic cells from diﬀerent organs
in all infected mice (Figure 7), while cells from uninfected
mice were, as expected, negative for depolarization caused
by Hz. In infected mice, Hz-containing cells were mostly
detectable on the ﬁrst time point assessed (7 days after CQ).
Interestingly, high numbers of Hz-containing phagocytic
cells could be detected on the ﬁrst time point in the liver
(median:56.5%)andspleen(median:24.4%),withamarked
decrease on the next time point studied (90 days). After that,
they appeared to be stable (Figures 7(c) and 7(d)). In the
bone marrow, Hz-containing phagocytes were less frequent
(under 3%, Figure 7(b)).
4. Discussion
This study provides new data on the issue of long-term
kinetics of hemozoin (Hz) in the body of hosts infected
with blood-stage malaria. It has been known since the 19th
century that Hz is present in internal organs of humans
after malaria episodes [6, 7]. Histological analysis of Hz
accumulation in the liver or spleen following acute infection
has been reported before, even if based on semiquantitative
image analysis [15, 18]. Other studies used a ﬂuorometric
method to determine the total amount of Hz in tissues [8,
19]. In the present study, depolarization microscopy helped
toidentifypigmentasHz(Figures1,2,3and4),aspreviously
described [17].
Hz is usually ingested by tissue macrophages and present
in the bone marrow [20]o ri nK u p ﬀer cells, the resident
macrophages of the liver [15, 18]. It is also found in the
spleen, especially in the red pulp [21]. Interestingly, this is
the area where iron pigments like hemosiderin accumulate,Malaria Research and Treatment 7
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Figure 7:Detectionofhemozoinbyﬂowcytometryinthecellsfrommalariainfected-curedmice.Detectionofhemozoin(Hz)inphagocytic
cells obtained from P. berghei NK65 infected-cured mice at diﬀerent times after treatment, based on depolarized Side-Scatter measurement.
Single cell suspensions from liver, spleen, and bone marrow were labelled with anti-CD11b-FITC and anti-Gr1-PE (blood samples) or anti-
CD11b-FITC and anti-F4/80-PE (tissue samples). Hz could be detected in phagocytic cells in all infected mice while uninfected mice were
negative for depolarizing cells. High numbers of Hz-containing phagocytic cells could be detected at the ﬁrst time point (7 days after the end
of CQ treatment) in livers (c) and spleens (d) with median levels of 56.5% and 24.4%, respectively. However, there was a marked decrease at
latertimepointswhichseemedtobecomestablebetween 90,and196daysaftertheendofCQtreatment.Inbonemarrow(b)Hz-containing
phagocytes were less frequent overtime (starting at median levels of 2%) and in whole-blood (a) were overall low (median of 1.7% on ﬁrst
time point).
which appears to be frequent in female rodents [22].
However, little is known of the fate of Hz in tissues. For
how long does it remain in tissues? And for how long is it
present in macrophages? It has been reported that the life-
span of tissue macrophages can reach several months [23],
but with variations depending on the type of macrophage
and the tissue [24].
Several studies have investigated the presence and kinet-
ics of Hz-containing phagocytes in peripheral blood [4, 25,
26]. One study reported a median half-life of 216 hours for
Hz-containing monocytes [5], although this was determined
by microscopy, with its inherent limitations [27]. However,
in the present study, Hz-containing phagocytes in whole
blood were only detected at a rather low median percentage
of 1.7% (Figure 7(a)) on the ﬁrst time point assessed (day 7).
In addition, Hz levels in the spleen of the rodent host
increased over time when determined by colorimetry or
by histology (Figures 3, 4, 5 and 6). These ﬁndings are
in keeping with a previous report which showed that Hz
increased 8-fold in the spleen over 270 days [8]. However
the observed increase in our model was of a much lower
magnitude (Figures 5 and 6). The same study reported a
decrease of 70% of Hz from the liver over the 270 day
period [8]. In our study a slight decrease was observed by
histology, while colorimetric determination even showed a
slight increase. Levesque et al. [8] used a high sensitivity
method in his report however our ﬁndings are based on
two independent methods. The discrepancies between our
observations and those of Levesque and colleagues could be
explained by diﬀerent mice being sacriﬁced at diﬀerent time
points and thus a larger variability may be expected between
individual mice. Eventually, mice that developed infections
with diﬀerent parasitaemias before treatment might have
been included on diﬀerent time points. Another reason
for the diﬀerent observations is that diﬀerent species of
Plasmodiumwereusedinthe2studies(P.bergheiNK65here,
and P. chabaudi chabaudi in Levesque et al.).
It has been noted that Hz may be contributing to the
anaemia observed in malaria, although whether this eﬀect is
mediated through Hz-containing macrophages [13, 20]o ri s
caused by Hz present in other cells [28] is a matter of some
controversy. The results presented here indicate that around
2% of Hz-containing CD11b+ cells were detected up to 90
daysaftertheendofCQtreatmentinthebonemarrow,while
after 196 days 0.76% of CD11b+ cells could still be found to
depolarize (Figure 7(b)).
Interestingly, and in contrast with the histological and
colorimetric measurements, the amount of Hz-containing
C D 1 1 b +c e l l sd e c r e a s e di nl i v e ra n ds p l e e na t9 0d a y s ,
after median peak values of around 56.5% and 24.4%
a td a y7 ,r e s p e c t i v e l y( F i g u r e s7(c) and 7(d)). However,
similar percentages of Hz-containing CD11b+ cells were still8 Malaria Research and Treatment
observedat196days,witharound13%medianforbothliver,
and spleen. Possible explanations for the diﬀerent tendencies
foundusingothermethodsmaybethattheamountofHzper
macrophage increases over time (Figures 3 and 4). Another
possible explanation is that Hz may be preferentially present
in CD11b-negative cells, which is even more likely in the case
ofthespleen,becauseHztendedtobelocatedintheredpulp,
where most macrophages should be CD11b-negative [29].
Overall, our results clearly show that signiﬁcant amounts
of Hz are present in bone marrow, liver and spleen at 7
and 90 days after CQ treatment, lasting up to after 196
days, both in liver and spleen, and including CD11b+ cells
from both organs. These results are important in the light
of the ever increasing research which indicates that Hz
mayhaveimmune-modulatoryeﬀects,asreviewedelsewhere
[30, 31]. Perhaps, of biggest concern are the reported
suppressive eﬀects of Hz [9–14], especially the notion that
Hz accumulation might predispose to other infections like
tuberculosis [15]. If Hz accumulates in tissues, as shown
here and continues to be biologically active, this may have
important implications for the host, including secondary
infections,whichareverycommoninmalaria-endemicareas
[32].
This study also shows that detection of Hz-containing
cells from tissues is possible. As such, it may be possible to
characterize the Hz-containing cell population better using
newer ﬂow cytometers that detect depolarization caused
by Hz. Eventually, Hz containing and noncontaining cells
could be sorted and their gene expression proﬁle analysed
to deﬁnitively establish whether Hz-containing cells really
continue to be biologically active and, if so, what are the
consequences of Hz uptake for those cells.
5. Conclusions
Hz remains in tissue organs for long periods after parasite
clearance. In the case of the rodent model used in this study,
Hz remains for as long as 6 months. If the same occurs
in humans, as is implied by ﬁndings dating from the 19th
century, and if Hz persists in a biological active state, that
could have tremendous implications both in terms of host
immunity to secondary infections and of the response to
vaccinations.
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